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Introduction
Forward chemical genetics techniques seek to emulate the success of classical genetics by using small molecules to probe the function of gene-products and thus reveal information about biological processes.
1 Typically, a small molecule library is screened against a cellular or embryonic system and the induction of any abnormal phenotype is identifed. The protein target that has been modulated may then be deduced; 2 thus providing both information on its function and a small molecule modulator from one process. The ongoing search for modulators of all "druggable" targets puts heavy demands on the sourcing of small molecule libraries which may be obtained from in-house compound collections, 3 commercially acquired combinatorial libraries, 1 or even virtual libraries. 4 However, many such compound collections suffer from a somewhat reduced scope, which has led to renewed interest in libraries based on the diverse corestructures of natural products. 5 These complex architectures have evolved to fulfil specific biological functions and, as a result of the close evolutionary relationship shared by the genomes of all organisms, bind to proteins similar to human proteins. 5 Natural products are therefore unmatched in terms of their inherent bioactivity and their ability to probe chemical space; thus they represent excellent, biologically-validated scaffolds upon which to base chemical library design. The phenanthridine core 1 (Figure 1 ) lies at the heart of many bioactive natural products including the antiviral lycorine 2, 6 the tubulin polymerisation inhibitor chelidonine 3, 7 and the insect anti-feedant 3-O-acetyl-narcissidine 4. 8 We recently disclosed methodology for the efficient Heck cyclisation of carbamate precursor 5a (Scheme 1), to afford cis-ring fused phenanthridine double bond isomers 6a ( 1,2 alkene), 7a ( 2,3 alkene) and 8a ( 3,4 alkene) in excellent yield. 9 By combining this methodology with a range of benzylamine building blocks 9
(Scheme 2), rapid access to a collection of A-ring modified phenanthridine analogues should be achieved, each with an alkene handle suitable for further functionalisation. Due to the prevalence of hydroxylated C-ring components in bioactive phenanthridine natural products, [6] [7] [8] 10 subsequent functionalisation of the alkene isomers 6-8 was envisaged using a dihydroxylation protocol. In order to evaluate the resultant novel natural-product inspired small molecules, library synthesis was coupled with phenotypic evaluation in embryonic zebrafish.
11
Scheme 2. Proposed library synthesis.
Library Synthesis
Initial efforts focused on the synthesis of Heck cyclisation precursors incorporating a range of benzylamine building blocks. To this end, standard transformations were employed for the synthesis of benzylamines 9b-f from their commercially available benzoic acid counterparts 10b-f (Table 1) . Table 2 . Synthesis of Heck cyclisation precursors 5b-g.
With the cyclisation precursors 5b-g in hand we studied their reaction under the neutral Herrmann-Beller palladacycle catalysed Heck cyclisation conditions we had previously developed (Table 3) . 9 We found that for the majority of substrates, these conditions promoted cyclisation to the expected mixture of double bond regioisomers 6-8. However, conversions were lower in all cases than that exhibited by the parent Boc substrate 5a (95% in 3 h), 9 and reaction times were longer, especially with the electron-rich aromatics ( (Table 3 , entry 9), 9 enabled the recovery of the desired product mixture 6-8g in 80% yield at r.t., and 99% yield at 50°C (Table 3 , entry 10). The regioisomeric mixtures of phenanthridine double bond isomers were used in the subsequent investigation of the dihydroxylation of the C-ring.
thus it was anticipated that dihydroxylation would be more favoured on the convex face. In order to assess the likely diastereoselectivity of the dihydroxylation reaction across the library, parent phenanthridines 6-8a were separated by HPLC 14 and subjected individually to standard dihydroxylation conditions (Scheme 4). 15 Table 4 . Cis-dihydroxylation of phenanthridines 6-8a-g.
Following dihydroxylation, samples of the three major products exo-syn diols 17, 18 and 19 were successfully isolated by silica-gel chromatography or HPLC separation. However, we were unable to separate the 4-methyl diol products 17b-19b under a range of conditions. Similarly, the HPLC fractions for the  1,2 and  2,3 dimethoxy analogues 17e and 18e overlapped significantly, and thus the  2,3 sample had significant  1,2 contamination. For these two substrates, mixtures of the appropriate compounds were carried through to the biological testing stage.
For the last step in our library synthesis, we took the diol mixtures and isolated compounds and converted each into the hydrochloride salts, with yields as summarised in Table 5 . Boc-deprotection to phenanthridinium hydrochloride library.
Zebrafish Phenotyping
Zebrafish (Danio rerio) embryos are transparent for the first five days post fertilisation (dpf), and develop outwith the mother's body, permitting visual inspection of their anatomical development to take place. 11 Fertilised embryos were collected and arrayed in 96 well plates (3 eggs per well; from 6 hours post fertlization, hpf) containing embryo buffer (200 L), and then library members in their buffer/0.5% DMSO stock solutions (10-100 M for the mixtures, and 1-50 M for the isolated compounds), were exchanged for the buffer, one compound or mixture per well. 19 The embryos were incubated at 28.5°C and examined visually for developmental defects 11 using a light-dissecting microscope at 1, 2, 3 and 4 dpf.
Our preliminary screening was performed using the mixtures of diols where available, so that precious isolated material was not wasted. 
Conclusions
We have demonstrated that libraries based upon the core structure of natural products can be fruitful in the chemical genetics quest for the discovery of novel small molecule probes for biological processes. The diversity of such libraries can be enhanced by exploiting multi-productgenerating reactions such as the Heck cyclisation, in conjunction with other methodologies that enable access to individual library members. Through the development of various aryl cyclisation precursors and a highly selective dihydroxylation protocol, we were able to rapidly synthesise a small library of novel phenanthridine analogues suitable for biological testing. The preliminary evaluation of this library using zebrafish phenotyping has led to the discovery of a novel inhibi tor of zebrafish embryonic development. Further biological investigations including cell -based assays and affinity chromatography followed by protein micro-sequencing, 21 should enable identification of the target protein and provide an understanding of the mode of action of compound 20c at a molecular level.
Experimental
General methods: All non-aqueous reactions were carried out under an atmosphere of nitrogen using flame-or oven-dried glassware that was cooled in a dessicator prior to use. Unless otherwise noted, starting materials and reagents were obtained from commercial suppliers and were used without further purification. Dichloromethane (CH 2 Cl 2 ) and triethylamine (Et 3 N) were distilled from and stored over calcium hydride under a nitrogen atmosphere. Tetrahydrofuran 
2-Bromo-4-fluorobenzamide 11c:
A mixture of 2-bromo-4-fluoro benzoic acid (1.00 g, 4.57 mmol) and thionyl chloride (15 mL) was heated at 60°C for 3 h. The thionyl chloride was removed under reduced pressure and the residue was dissolved in NH 4 OH (15 mL, conc.) and stirred for 16 h at r.t.
The reaction mixture was filtered and the precipitate dried on the high vacuum line for several hours to afford afford amide 11c as a colourless solid (940 mg, 94% (1RS,2SR,4aSR,10bSR)-9-Fluoro-1,2,3,4,4a,5,6,10b-octahydro-phenanthridine-1,2-diol 20c (Δ 1,2 isomer): To a solution of diol 17c (10 mg, 30 µmol) in CH 2 Cl 2 (2 mL) was added TFA (5 mL) and the reaction was stirred at r.t. for 2 h. The reaction was diluted with H 2 O (15 mL), adjusted to pH 8-9 by the addition of NaOH pellets, and then extracted with CH 2 Cl 2 (3  15 mL).
The combined organics were dried (MgSO 4 ) and concentrated under reduced pressure. The resultant oil was taken up in CH 2 Cl 2 (1 mL), cooled to 0°C and HCl (excess, 1 M in Et 2 O) added.
20c as a colourless oil (9 mg, 99% Zebrafish screening: Small breeding tanks were set up in the evening, each containing a male and a female wildtype zebrafish separated by a divider. The tanks were kept in darkness until the next morning when the lights were switched on and the dividers removed, causing the fish to breed. The embryos were collected, pooled and washed with E3 medium. Dead, delayed or unfertilised eggs were discarded, and the adult fish were returned to their main tank. The embryos were stored in an incubator at 28.5°C until required they reached the 'high stage' of development (approxiately 3.3 hpf).
Chemicals were diluted into the E3 screening medium. 19 Aliquots of 200 L were prepared at concentrations ranging from 100 M to 1 M, all with 0.5% 
